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Due to the recent advances in monolayer-controlled epitaxial crystal growth techniques such as molecular-beam epitaxy ͑MBE͒, GaAs/AlGaAs quantum well infrared photodetectors ͑QWIPs͒ have attracted much attention because of their potential for low cost and high uniform imaging array applications. 1, 2 Another infrared detection scheme is employed by the use of internal photoemission ͑IP͒. Up to now, several types of internal photoemission infrared detectors have been proposed and demonstrated in a wide wavelength range from mid-infrared to far-infrared. Among them, the important types are metal-semiconductor PtSi/Si Schottky barrier detectors operating in the 3-5 m range, 3 semiconductor heterojunction GeSi/Si detectors developed for the 4-14 m range, 4 and homojunction interfacial workfunction IP ͑HIWIP͒ Si and GaAs detectors for space astronomy applications of greater than 50 m.
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The study of the photoconductivity generation mechanism and photoconductive gain can help us obtain a clear physical understanding of device operation. In QWIPs, the photoconductive gain has been widely studied, 1, [6] [7] [8] and has shown that the photoconductive gain is inversely proportional to the number of quantum wells and that the current responsivity is independent of the number of wells. However, in internal photoemission infrared detectors, the current responsivity (R) and quantum efficiency () increase with the number of emitter layers due to the multilayer effect. 5, 9 The responsivity is related to gain g by Rϭeg/h, where e is the electronic charge, and h is the photon energy. There is no detailed study of photoconductive gain in internal photoemission detectors in the literature. 9 In this communication, a simple model is presented to evaluate the photoconductive gain and explain this behavior. The main reason for this difference lies in the different photoconductivity generation mechanisms for QWIPs and IPs.
Unlike the usual interband transition, where both electrons and holes can be created when the optical energy h is greater than the energy gap (E g ), and the semiconductor does not need to be doped, the intersubband based QWIPs must be doped since hϽE g and thus the photon energy is not sufficient to create photocarriers. The photocarrier generation mechanism is an excitation of an electron ͑hole͒ from the doped quantum-well ground state in the conduction ͑va-lence͒ band to an unoccupied excited or continuum state in the same band. These QWIPs are somewhat analogous to extrinsically doped semiconductors, but have much larger optical transition dipole moments. 10 Therefore, only one kind of photocarrier ͑electrons in n type, and holes in p type͒ can be created in QWIPs, and an extra current from a contact is necessary to balance the loss of photocarriers from the well due to photoemission. The photoconductivity comes from the variation of the carrier concentration and the total photoconductivity consists of contributions from direct photoemission and the extra current injection, which can well explain the experimental observations of large (ӷ1͒ photoconductive gain and its inverse proportionality to the number of wells. 6, 7 In internal photoemission junction detectors, the incident photons are absorbed in the emitter layers by the free carrier absorption mechanism, and under suitable bias conditions the photoexcited carriers with energy h larger than the band-edge offset between the doped emitter layer and the undoped transit region ⌽ (hϾ⌽) are emitted across the junction and then collected. For a homojunction, the band offset is determined by the doping-induced band gap narrowing of the emitter region, 5 while for the heterojunction ͑e.g., GeSi/Si͒ it depends on the alloy band gap. 4 In both cases, electrons and holes will be created and the carrier concentration in the emitter layers remains constant. The increase of hot carrier energy will alter its mobility from its equilibrium value, since the mobility is determined by the ionized impurities and energy-related scattering processes. Therefore, it is the change in mobility of the hot carriers that results in the photoconductivity, which mainly depends on the free carrier absorption and photocarrier relaxation processes. 11 This hot carrier effect 11, 12 can well explain our experimental ͑gain and responsivity͒ results. No net extra current injection is necessary. After the photogenerated carriers are created in the emitter layers by free carrier absorption due to optical illumination, they are either swept out by the electric field to generate photocurrent, or else they are captured by the emitter layer and recombine. The ratio of the number of photocarriers collected to the number of photons absorbed ͑exclude inelastic scattering loss͒ is conveniently expressed as the barrier collection efficiency c . 5 This is equal to the ratio of the sweep out rate and the total carrier loss rate ͑sweep-out and recombination͒:
where s is the sweep-out time, r is the recombination time, and P c ϵ s / r is the capture or trapping probability as defined in QWIPs. 1, 7 The detection mechanism of a p-type internal photoemission infrared detector is shown schematically in Fig. 1 . The infrared photoionized holes in the emitter layers drift through the undoped i regions and contribute to the photocurrent. Taking into account the fact that the photon flux could depend on the location of the emitter layers, the photocurrent directly ejected from the nth emitter layer is
where F is the photon flux in the first emitter layer, and
is the quantum efficiency for a single (nth͒ emitter layer. The total quantum efficiency in N multilayer internal photoemission detectors can be calculated by taking into account the free carrier absorption and the inelastic scattering loss. By assuming a constant inelastic scattering mean free path L z and a constant absorption coefficient (␣) in a emitter layer of thickness d with 2(Nϩ1) optical passes, the quantum efficiency is given by ϭ͕1Ϫexp͓Ϫ2͑Nϩ1͒␣d͔͖exp͑Ϫd/L z ͒.
͑3͒
Since ␣ and d are usually of the order of 10 3 cm Ϫ1 and 10
Ϫ6
cm, respectively, the above equation yields ϷN (n) . Since there is no contribution from the extra injection in internal photoemission detectors, the photocurrent collected in the collector contact from all the emitter layers is
The experimental quantum efficiency of homojunction internal photoemission far-infrared detectors 13 which shows good agreement with the theory in Eq. ͑3͒ confirms that the barrier collection efficiency c is nearly 100% at higher bias. Thus a further increase in bias is not expected to lead to a significant increase in responsivity, as shown by the saturation behavior of the responsivity. Furthermore, the recombination time should be much longer since the internal photoemission farinfrared detectors operate at low temperatures and very long wavelengths, where acoustic phonon scattering plays an important role. These results show that P c could be much less than 1. As a result, Eq. ͑4͒ becomes
Therefore, the photoconductive gain of an internal photoemission infrared detector is independent of the number of emitter layers
which is less than but close to 1 due to weak capture probability. In addition, for the worst case of assumption P c Ӷ 1 in a single emitter layer structure, the above equation can be directly obtained from Eq. ͑2͒. However, the responsivity ͓I p /(hF)͔ is proportional to the number of emitter layers since ϰ N as seen in Eq. ͑3͒. The conclusion is in contrast to that of QWIPs due to the different photocarrier generation mechanisms. The photoconductive gain (g) and responsivity (R) versus number (N) of emitter layers for a typical p-GaAs homojunction internal photoemission far-infrared detector 13 are shown in Fig. 2 . The gain values are calculated from the combination of Rϭeg/h with Eq. ͑3͒ by the help of absorption measurements as discussed in Ref. 1 . The responsivity was obtained at 4.2 K by using a Perkin-Elmer 2000 Fourier transform infrared ͑FTIR͒ spectrometer and a Si composite bolometer as a reference. The response shows a wide spectrum ͑20-100 m͒ with the peak responsivity of 3.1 A/W, quantum efficiency of 12.5% and detectivity D* of 5.9ϫ10 10 cmͱHz/W for a detector 13 with Nϭ20. As shown in Fig. 2 , the photoconductive gain values are independent of N and are actually less than but close to 1, while the responsivity is proportional to the number of emitter layers. In addition, the photoconductive gain in a p-GeSi/Si heterojunction internal photoemission detector ͑three multilayers͒ is also estimated to be 0.93, based on the experimental results of quantum efficiency and absorption. 9 These experimental results are in good agreement with the theoretical conclusions obtained above. The relatively small increase in gain with an increasing number of layers, for example, the gain values for 1, 10, 20 emitter layers are 0.834, 0.925, 0.983, as seen in Fig. 2 , is due to the weaker capture probability for more layers, possibly as a result of impact ionization of photocarriers. 14 In summary, we have discussed the photoconductivity generation mechanism and derived a general relation for photoconductive gain in internal photoemission infrared detectors. This shows that the photoconductive gain is close to but less than 1, irrespective of the number of emitter layers, and the responsivity is proportional to the number of emitter layers. These results are in good agreement with the experiments. The different conclusions between the QWIPs and internal photoemission detectors are due to their different photoconductivity generation mechanisms.
